A total of 517 strains of Staphylococcus aureus isolated at a hospital in Melbourne, Australia between 1946 and 198 1 was examined for resistance to a range of antimicrobial agents and for the presence of plasmid DNA. The use of mixed-culture transfer and restriction endonuclease analysis showed that the determinants for resistance to penicillin and to the heavy metals were carried by several related plasmids of (15-23) x lo6 mol. wt, and that tetracycline resistance was encoded on a plasmid of 2.8 x 1 O6 mol. wt in strains isolated before 1970. These phenotypes were chromosomally encoded in the majority of strains isolated thereafter. Resistance to chloramphenicol throughout the study period was plasmid-mediated. Of five aminoglycoside-resistance phenotypes, one was plasmid-mediated and three were chromosomally encoded. The remaining phenotype, specifying low-level gentamicin resistance, was found to be located on the chromosome of early isolates, but in later strains was borne by an 18 x lo6 mol. wt plasmid which also encoded resistance to quaternary ammonium compounds.
INTRODUCTION
Multiresistant Staphylococcus aureus have been important pathogens in Melbourne hospitals during recent years (Pavillard et al., 1982) . Molecular analysis of plasmid DNA isolated from such strains of S. aureus has identified separate plasmids encoding resistance to chloramphenicol and gentamicin (Lyon, May and Skurray, 1983; Townsend, Grubb and Ashdown, 1983a; Lyon et al., 1984a; Tennent, May and Skurray, 1984) , although the latter resistance is chromosomally encoded in some strains. Resistance to erythromycin, kanamycin-neomycin, penicillin, streptomycin, tetracycline, cadmium and mercury is usually mediated by determinants carried by the chromosome in these multiresistant S. aureus strains (Lyon et al., 1983 (Lyon et al., , 1984a . In contrast, a study of methicillin-resistant S. aureus strains isolated between 1969 and 1981 from a Melbourne hospital (Gillespie, May and Skurray, 1984) , revealed that the determinants for penicillinase production and resistance to the heavy metals and tetracycline were plasmid-borne in strains isolated in 1969.
Although the bacteriophage types of Australian strains of S. aureus isolated from the late 1940s to mid 1970s have been well documented (Rountree, Barbour and Thomson, 1951; Rountree, 1953 and 1978; Beard, 1958 and 1965; Rountree and Vickery, 1973) , little information is available about the plasmids present in S. aureus strains before the onset of methicillin resistance. This paper reviews the antibiotic-resistance patterns and plasmid-DNA profiles of clinical isolates of S. aureus isolated in a Melbourne hospital during four decades of antibiotic therapy.
MATERIALS AND METHODS

Staphylococcus aureus strains.
Clinical isolates of S. aureus were collected, identified and stored vacuum-dried in ampoules at the Bacteriology Department, Alfred Hospital, Melbourne and subsequently made available to this laboratory.
S. aureus strains RN2424 and RN2442, carrying the plasmids pT 18 1 and pE 194 respectively, were kindly provided by R. P. Novick (Public Health Research Institute of the City of New York). Strain SK982, the restriction-deficient recipient strain employed in mixed culture transfers, carries chromosomal resistance to novobiocin and rifampicin and was constructed in this laboratory (Lyon, May and Skurray, 19846) .
General procedures. L-broth and L-agar media, methods for determination of penicillinase production, minimum inhibitory concentrations, antibiotic and heavy metal resistance and plasmid elimination procedures were as described previously (Lyon et al., 1983; Gillespie et al., 1984) . Resistance to the quaternary ammonium compounds benzalkonium chloride (Sigma Chemical Company, St Louis, MO 63 178 USA) and cetyltrimethylammonium bromide (BDH Chemicals Ltd, Poole, England) was tested in L-agar at concentrations of 4 and 2 mg/L, respectively. Mixed culture transfer by the method of McDonnell, Sweeney and Cohen (1983) was used to transfer resistance to strain SK982.
Plasmid DNA isolation and restriction endonuclease analysis. DNA was isolated by a rapid procedure and analysed by electrophoresis on 1 . Ox Tris-acetate-EDTA buffered agarose horizontal gels with standard plasmids of known mol. wt as previously described (Lyon et al., 1983) . Preparation of caesium chloride-ethidium bromide purified plasmid DNA and restriction endonuclease analysis with EcoRI (Boehringer-Mannheim Australia Pty Ltd, North Ryde, 21 13), HindIII, MboI and TaqI (New England Biolabs, Beverly, MA 01915, USA) were as reported previously (Lyon et al., 1983) .
RESULTS
Characteristics of S. aureus isolates
The percentages of isolates resistant to various antimicrobial agents in each year of the study are presented in table I; < 6% of the total were susceptible to all agents tested. The majority were resistant to penicillin, streptomycin, arsenate, arsenite, cadmium and mercury; resistance to rifampicin and vancomycin was not encountered. During the late 1940s, penicillin-and streptomycin-resistant S. aureus were noted and by early 195 1 tetracycline or chloramphenicol resistance or both in conjunction with penicillin, streptomycin, arsenate, arsenite, cadmium and mercury resistance was encountered in some isolates. It is interesting to note that resistance to fusidic acid was detected in this period well before clinical use of this agent. Kanamycin-and neomycin-resistant (KNR) strains were first observed in 1965, with some of these strains being additionally resistant to tobramycin (TKNR); the latter phenotype was not encountered again until 1980. Methicillin resistance was also first observed at this hospital in 1965.
Minimum inhibitory concentrations (MIC) of aminoglycoside antibiotics for these Pc, penicillin; Mc, methicillin; Sm, streptomycin; Tc, tetracycline; Em, erythromycin; CI, clindamycin; Cm, chloramphenicol; Gm, gentamicin; Tm, tobramycin; Km, kanamycin; Nm, neomycin; Ak, amikacin; Fa, fusidic acid; Asa, arsenate; Asi, arsenite; Cd, cadmium; Hg, mercury.
strains revealed two distinct levels of gentamicin resistance. Strains resistant to gentamicin, tobramycin, kanamycin and neomycin (GTKNR), such as the 1976 isolates, or to gentamicin, tobramycin and kanamycin (GTKR) displayed low-level gentamicin resistance (1 28 mg/L). Only one isolate in this collection, SK460 from 198 1, displayed high-level gentamicin resistance ( > 4096 mg/L) and was additionally resistant to tobramycin, kanamycin, neomycin and amikacin (GTKNAR); SK460 has been described previously (Lyon et al., 1984a) . The aminoglycoside MICs for GTKR, GTKNR and GTKNAR strains in this study were equivalent to those displayed by strains of similar phenotypes isolated from another Melbourne hospital (Gillespie et al., 1984) . The MICs of tobramycin, kanamycin and neomycin for TKNR strains were 64, 64 and 128 mg/L, respectively.
Among the strains that were bacteriophage typed, group I, 11,111 and mixed group I/III lytic patterns were represented; the majority of strains were either group 111 or non-typable. The bacteriophage types and antibiotic-resistance phenotypes of 16 selected isolates from the period 1947 to 1981 are presented in table 11.
Plasmid composition of S. aureus and location of resistance determinants
A total of 206 isolates was screened for the presence of plasmid DNA; fig. 1 shows the agarose-gel electrophoresis of DNA isolated from the representative strains in table 11. The use of mixed culture transfer and plasmid elimination procedures permitted the identification of a number of plasmid-encoded phenotypes. The Characteristics of these strains are presented in table 11; their order across the gel corresponds to that down the table.
plasmids detected in this study, along with the resistance phenotypes which they confer and their sizes, are summarised in table 111. The plasmids pSK60 (SIC101 l), pSK75 (SK1073), pSK79 (SK1215), pSK74 (SK1064), pSK76 (SK1373) and pSK80 (SK1529) ( fig. 1, lanes b, e, f , g, h and k) encode resistance to the heavy metals arsenate, arsenite, cadmium and mercury and carry the determinants for penicillinase production. Plasmids pSK64 (SK 1020) and pSK.59 (SK.1396) ( fig. 1, lanes c and i) , also mediate resistance to these four heavy metals but not to penicillin, while the plasmids pSK67 (SK1027; fig. 1, lane d) and Year of Strain isolation number 1947 SKlOll 1947 SK1020 1949 SKI027 1951 SK1073 1953 SK1215 1953 SK1064 1960 SKI373 1965 SK1396 1965 SKI499 1965 SKI529 1973 SK1585 1976 SKI582 1980 SK1597 1981 SK462 1981 SK460 1981 20-8 1981 1981 1981 1980 1953 1965 1947 1965 1947 1949 1981 1953 1965 1953 1951 1960 1965 1953 1965 Abbreviations as in tables I and 11. pSK77 (SK1499; fig. 1, lane j) encode resistance only to penicillin and to the heavy metal cadmium.
Digestion of these heavy metal-resistance plasmids with EcoRI, revealed a close relatedness between pSK60, pSK64, pSK75, pSK79, pSK74, pSK59 and pSK80 ( fig. 2,  lanes b-h) ; each possessed common EcoRI fragments of 6-6,2.5,2.3 and 1.0 kb. On this basis, these plasmids were assigned to the a family of penicillinase plasmids, as described by Shalita, Murphy and Novick (1 980). Of similar phenotype, pSK76 (fig. 2 , lane i) belongs to the y family since it lacks the 2.5 and 1-Okb EcoRI fragments (Shalita et al., 1980) . The remaining penicillinase plasmids pSK77 and pSK67 ( fig. 2, lanes j and  k) family of penicillinase plasmids which, like pSK67 and pSK77, mediate resistance only to penicillin and cadmium (Shalita et al., 1980) . Tetracycline resistance (TcR) in the isolates SK 121 5, SK 1373, SK 1396 and SK 1592 ( fig. 1, lanes f, h, i and q) was shown by mixed culture transfer and restriction endonuclease analysis to be mediated by a common 2.8 x lo6 mol. wt plasmid, pSK52. The presence of this plasmid was inferred in the TcR isolate SK1529 (fig. 1, lane k) which possesses extrachromosomal DNA of the same mol. wt, although the TcR phenotype could not be transferred or eliminated from this strain. On the basis of restriction endonuclease fingerprinting with Hind I11 and MboI, which generate three and four fragments, respectively, the TcR-plasmid pSK52 ( fig. 3A, lanes b and d) was found to be indistinguishable from pT181 ( fig. 3A, lanes a and c) , a S. aureus tetracycline resistance plasmid of known nucleotide sequence (Khan and Novick, 1983) . The TcR isolates SKI 585, SK 1582, SK462 and SK460 ( fig. 1, lanes 1, m, o and p) did not contain pSK52, and TcR could not be associated with plasmid DNA of a different mol. wt; therefore, in these strains, TcR was assumed to be chromosomally encoded.
Chloramphenicol resistance (CmR) was found to be mediated by plasmids of approximately 3 x lo6 mol. wt, such as pSK2, pSK68, pSK70 and pSK71 ( fig. 1 , lanes 0, q, g and i), which were distinguished on the basis of restriction endonuclease analysis (M. Gillespie, J. May and R. Skurray, unpublished data). The CmR-plasmid pSK68 also specified streptomycin resistance (SmR) and was the only plasmid encountered to which SmR could be assigned. The SmR isolate SK 1373 ( fig. 1, lane h) possessed only the penicillinase plasmid pSK76 and the TcR-plasmid pSK52; plasmid free derivatives of this strain retained SmR, suggesting chromosomal encodement of this determinant. Similar results obtained with other strains are in accord with a chromosomal locus for this determinant.
Erythromycin resistance (EmR) in SK1396 ( fig. 1, lane i) was mediated by the 2.4 x lo6 mol. wt plasmid pSK61. This plasmid was compared with pE194, an EmR plasmid of similar mol. wt, the nucleotide sequence of which is known (Horinouchi and Weisblum, 1982) . Digestion of both plasmids with MboI and TaqI showed that pSK61 ( fig. 3B , lanes c and e) differs from pE194 ( fig. 3B, lanes b and d) . Other EmR isolates, such as SK 1529, SK 1585, SK 1582, SK462 and SK460 ( fig. 1, lanes k, 1, m, o and p) did not possess extrachromosomal DNA of this mol. wt and no association of this phenotype could be made with any plasmids in these strains. The finding that EmR transcipients from mixed culture transfer experiments between SK 1529 and SK982 lacked extrachromosomal DNA provides support for a chromosomal locus for this determinant as has previously been suggested with other Melbourne isolates (Lyon et al., 1983; Gillespie et al., 1984) .
KNR strains isolated in 1965 were of phage type 84/85 at RTD and showed a plasmid-DNA profile similar to the KNS isolate SK1529 (fig. 1, lane k) , which possessed penicillinase, TcR and cryptic (1 x lo6 mol. wt) plasmids. Resistance to these aminoglycosides could not be associated with any plasmid in these strains nor in subsequent KNR isolates. In contrast, TKNR isolates, such as SK1499 and SK1597 ( fig. 1, lanes j and n) carry a 3 x lo6 mol. wt plasmid which encodes this resistance phenotype; this plasmid in the latter strain is designated pSK5O and its identity to the plasmid seen in SK1499 is yet to be established.
In the 1976 gentamicin-resistant isolates as first described by Perceval, McLean and Wellington (1 976), such as SK 1582 ( fig. 1, lane m) , low-level gentamicin resistance was found to be chromosomally determined, as was the high-level gentamicin resistance of strain SK460 ( fig. 1 , lane p and Lyon et al., 1984~) . However, strain SK462 ( fig. 1, lane  0) possesses the plasmid pSKl which mediates the low-level GTKR phenotype (Lyon et al., 1983) in this strain as well as resistance to ethidium bromide (Eb) and to quaternary ammonium compounds (Qa), such as benzalkonium chloride and cetyltrimethylammonium bromide (Lyon et al., 1984b) . The plasmid pSK7 present in strain SK460 ( fig. 1, lane p) is related to pSKl (Lyon et al., 1984a) and encodes resistance to quaternary ammonium compounds and to ethidium bromide but not to gentamicin (B. Lyon, J. May and R. Skurray, unpublished data); gentamicin-resistant strains from 1976 (e.g. SK 1582, fig. 1 , lane m) which lack pSK 1, pSK7 or other related plasmids (Lyon et al., 1984a) were susceptible to Eb and Qa. No antibiotic resistance phenotype could be ascribed to the plasmids smaller than 1.8 x lo6 mol. wt in the isolates SK1020, SK1215, SK1064, SK1396, SK1529, SK1585, SK1582, SK1597, SK462 and SK460 ( fig. 1, lanes c, f, g, i, k, 1, m, n, o and p) .
DISCUSSION
The S. aureus isolates collected from this Melbourne Hospital, resemble strains recovered during the equivalent period from the Royal Prince Alfred Hospital, Sydney with respect to antibiotic resistance and bacteriophage type (Rountree et al., 1951; Rountree, 1953 and 1978; Beard, 1958 and 1965; Rountree and Vickery, 1973) . At both hospitals, penicillin-resistant strains of various bacteriophage types were detected in the late 1940s. In Melbourne strains, penicillin resistance was mediated by one of two plasmids distinguishable by resistance to arsenate, arsenite and mercury and EcoRI restriction endonuclease patterns. These two plasmids, pSK60 and pSK67, belong to the a and 'orphan' families of penicillinase plasmids, respectively. One further type of penicillinase plasmid, pSK76, detected in the bacteriophage type 80/8 1 isolate SK 1373, belongs to the y family; an association of y family penicillinase plasmids and strains of bacteriophage type 80/8 1 has been previously reported (Shalita et al., 1980) . Before the early 1970s, penicillinase production, in association with heavy metal resistance, was mediated most commonly by closely related plasmids belonging to the a family. In strains isolated thereafter, the majority of which were methicillin-resistant, penicillinase production and resistance to cadmium and mercury were chromosomally encoded. These observations are similar to those made with methicillin-resistant strains from another Melbourne hospital (Gillespie et al., 1984 and unpublished data) . Likewise, tetracycline resistance, which had exclusively been plasmid-mediated since its detection in 195 1, was chromosomally determined in the majority of isolates during the 1970s and 1980s. These results, coupled with changes in bacteriophage type from extended group-I11 lytic patterns evident in the 1960s to limited group 111 lytic patterns or non-typable reactions in the 1970s, suggest that isolates from the 1970s were new endemic hospital strains.
By 1950, chloramphenicol was widely used clinically and had become accepted as a promising broad spectrum antibiotic (Shaw, 1983) ; however, CmR S. aureus were first noted at this Melbourne hospital late in 1951. In these, and subsequent isolates, CmR was mediated by a variety of plasmids of 3 x lo6 mol. wt. In this respect, the CmR determinant, which persisted on a plasmid, is unlike the determinants for resistance to tetracycline, penicillin and heavy metals all of which altered with time in their locality of encodement from plasmid to chromosome.
Erythromycin-resistant S . aureus were noted at this hospital during the early 1960s. In these strains, resistance was found to be encoded either on a 2.4 x lo6 mol. wt plasmid distinguishable from pE 194 (Horinouchi and Weisblum, 1982) or on the chromosome. In the latter strains, EmR may be encoded on a transposon, such as
